Derivation of the Iteration Equation for the Memory Kernel
We start from the generalized Langevin equation (GLE)
where F R (t) denotes the random force, which obeys
Multiplication byẋ(0) and averaging yields
where we use that the random force F R (t) at time t is not correlated with the initial velocitẏ x(0) 1 . All correlation functions appearing in eq. (S3) can be obtained from trajectories.
Clearly, this is straightforward for ẋ(0)ẍ(t) and ẋ(0)ẋ(t) . For the calculation of the correlation function ẋ(0)∇U [x(t)] , we use that the GLE eq. (S1) implies that U (x) is equal to the free energy, i.e. U (x) = −k B T log p(x), where p(x) denotes the equilibrium probability distribution of the reaction coordinate x. We interpolate U (x) with cubic splines and directly calculate the correlation function ẋ(0)∇U [x(t)] from the trajectory. Eq. (S3) can now be discretized and solved numerically. Dening
the discretized version of eq. (S3) reads
where w i,j = 1 − δ i,0 /2 − δ i,j /2 denotes the integration weight of the trapezoidal rule. Solving for Γ i yields the iteration relation for the memory kernel eq. (3) in the main text
We note that for U (x) = 0 this result is equal to the previously derived equation 2 . The expression for the initial value Γ 0 = (mCẍẍ 0 − Cẍ 
Estimation of Eective Masses
The equipartition theorem dictates m ẋ 2 = k B T , which is used to extract the eective mass m from the simulated dihedral angle trajectories x(t). 
Application to a Model System
To demonstrate that the iteration relation (S9) is numerically robust, we reconstruct the memory kernel from simulated GLE trajectories in a doublewell potential (see Fig. S1 (a))
with U 0 = 1 k B T . We use the single-exponential memory kernel
where the memory time τ Γ is set to
where τ m = m/γ. The simulation is carried out by introducing an additional variable R(t) that obeys
with δ-correlated noise
The GLE eq. (S1) can then be written as
and the eqs. (S12S14) are numerically integrated using a standard integration scheme. We 
Inuence of Ensemble and Thermostat
To show that the thermostat does not inuence the memory kernel, we compare the memory kernel extracted from the NVT simulation of free water-solvated butane at a viscosity of η/η 0 = 0.3 to the memory kernel obtained from an NVE simulation with the same length.
The comparison is shown in Fig. S2 . From the similarity of the two memory kernels we conclude that the inuence of the ensemble and the thermostat is negligible. 
Estimation of the Friction Constant γ
The inversion of the Volterra eq. (S3) using the iteration scheme (S9) is subject to numerical and statistical errors, in particular for large t. For an estimate of the friction constant we thus t the long time tail (t > 2 ps for free butane and t > 2(η/η 0 ) ps for constrained butane)
by an exponential function before integrating over the curve. 
are shown as a function of solvent viscosity for both systems in Fig. 4 in the main text. raw data exp. tail Figure S4 : Free butane, log-log. Comparison of the memory kernels computed using eq. (S9) (solid red lines) and the exponential t to the long time tail t > 2 ps (dashed black lines) in a log-log representation. raw data exp. tail Figure S6 : Constrained butane, log-log. Comparison of the memory kernels computed using eq. (S9) (solid red lines) and the exponential t to the long time tail t > 2(η/η 0 ) ps (dashed black lines) in a log-log representation.
Comparison to Partially Constrained Butane
In addition to the data presented in the main text, we simulate butane with one and two xed carbon atoms, see Fig. S7(a) and (b) for an illustration. Simulation details are as described in the Materials and Methods section of the main text.
The extracted memory kernels for the dihedral angle are shown in Fig. S7(c) and (d) for the two scenarios at dierent viscosities. As one would expect, the scenario with two xed atoms (Fig. S7(d) ) resembles the constrained system (three atoms xed). The memory kernels for the system with one xed atom shown in Fig. S7 (c) look more like in the free case, with slightly more pronounced dierences between the long-time tails for higher viscosities.
For a more systematic comparison of the scenarios, we calculate the friction constants γ from the memory kernels as before. The friction constants for all four scenarios (free, one atom xed, two atoms xed, and constrained) are shown in Fig. S8 as a function of viscosity.
Indeed, the friction constant for two xed atoms shows a similar viscosity dependence as in the constrained case (three atoms xed), with an overall lower friction. The scenario with one xed atom is more interesting: the viscosity dependence is weaker than for the more constrained systems, but it is signicantly more pronounced than for free butane. As before, we estimate the internal friction contribution by a linear t according to
The results for γ int and γ sol,0 are collected in Table 1 together with the ratios γ int /γ sol,0 and γ int /(γ int + γ sol,0 ) for all four systems. As a general trend, we observe that the internal friction γ int decreases whereas the solvent friction γ sol,0 increases when additional degrees of freedom are frozen. While the internal friction contribution γ int /(γ int + γ sol,0 ) = 0.09 for the system with two constrained atoms is rather small and similar to the constrained system, we nd γ int /(γ int + γ sol,0 ) = 0.46 for the system with one xed atom, which is about half the value of the free system, given by γ int /(γ int + γ sol,0 ) = 0.89. Since the butane molecule η/η 0 free one atom fixed two atoms fixed three atoms fixed Figure S8 : Friction coecient γ computed from the memory kernels as a function of the rescaled water viscosity η/η 0 for all four scenarios: free, one atom xed, two atoms xed and three atoms xed (constrained). Empirical ts according to eq. (S16) are included as solid lines. Table 1 : Friction coecients γ int and γ sol,0 extracted from the ts according to eq. (S16) shown in Fig. S8 , as well as the ratios γ int /γ sol,0 and γ int /(γ int + γ sol,0 ) for all four scenarios: free, one atom xed, two atoms xed and three atoms xed (constrained). 
